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/\BSTRA(n’ 


This  rcj>ort  describes  the  present  status  and  recent  results  of 
10.6  urn  mono|XJlse  radar  tracking  experiments.  Included  is  a description 
of  the  radar  system  and  results  of  short  range  (<20  km)  and  long  range 
(>150  km)  tracking  experiments  which  show  that  useful  monojHilsc  processing 
of  IR  radar  returns  c.ui  be  acconplisheJ.  The  short  range  experiments 
involved  a stationar>’  test  tower  and  a moving  cooperative  aircraft.  The 
long  range  experiment  demonstrated,  for  the  first  time,  10.6  um  coherent 
monopulse  tracking  of  a satellite. 
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I. 


INTROlXICriON 


This  rcjK)rt  describes  the  present  status  anti  recent  results  of  10.0  imi 
monojiulse  radar  tracking  experiments  at  the  I-irej^ond  IR  Radar  Pacility. 

Included  is  a description  of  the  radar  system  and  results  of  short  rajige 
(<20  kjn)  and  long  range  (>150  km)  tracking  experiments  which  show  that 
useful  monopulse  processing  of  IR  radar  returns  can  be  accompl i she'd.  The 
short  ninge  experiments  involvetl  testing  of  the  system  and  measurement  of 
atmospheric  turbulence  effects  on  a stationary  test  tower  a<  well  as  tracking 
a moving  cooperatixe  aircraft.  I'Ik'  long  range  cx|)criment  demonstrated,  for 
the  first  time,  10.0  urn  coherent  mono|Milse  tracking  of  the  GHOS-lII  geodetic 
satellite  equipped  with  a retroreflcctor.  The  RMS  tracking  precision  was  I urad. 

II.  SYSTIM  DIUSCRimON 

A.  Introduction 

The  infrared  nular  subsystc'ms  relevant  for  tracking  arc  sliown  in 
F-igurc  1.  A single  frccjucncy  nuistcr  oscillator  (MO)  generates  a stable 
frequency  IR  beam  which  is  junplificd  and  then  modulated  by  slots  in  a 
mechanically  rotated  chopper  disk.  Tlic  beam  is  directed  by  mirrors  and 
lenses  to  the  1.2  meter  aziimi th/cl evat ion  telescope  system  which  points 
the  beam  tov^-ard  the  desired  target.  A servo  controlled  vernier  mirror  can 
be  usc-d  to  make  small  corrections  in  the  radar  1 inc-of-sight  pointing. 

Tr.ansmittcd  ;uxl  rcflcctc'd  energy  to  and  from  the  target  travel  through  the 
atmosphere  and  arc  rcccivcil  throiigh  t.hc  s.imc  optical  system.  The  modulating 
chopper  disc  also  scn-cs  as  a duplexer  and  reflects  the  rcturne<’  lw;im  onto 
the  detector,  where  it  is  mixed  with  the  local  oscillator  (IjO)  .signal  and 
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Fig.  1.  Coherent  IR  monopulse  tracking  radar  system. 


coherently  ilctcctoil.  The  sijiu.ils  are  coherently  processed  hy  the  receiving 
tx|uiniient  to  proiluce  azimuth  ;uk1  elevation  |)ointing  control  infonnation. 

Miilo  the  block  diaiiram  of  the  IR  radar  resonldes  that  of  a microwave 
radar,  the  shorter  wavelength  produces  sonie  unii|ue  characteristics,  as 
siiniiuirircd  hy  Table  I.  In  |xirticulnr,  the  tr:msm it /receive  bcjuinvidth  of 
10  wrad  is  twx>  to  throe  oixlors  of  m.ij’nitude  narro\vor  than  that  attained  hy  t>^)ical 
largo  microwave  radar  dishes.  This  narrow,  be.imwidth  allotcs  vor>’  accurate 
Jingle  tnicking,  which  is  described  in  this  report. 

B.  liTUnMI..Vr 
1.  Telescope 

I-igure  2 depicts  ji  cut*jiway  view  of  the  telescojK'  ami  main  lalwratory 
area.  The  1.2ir  dijimeter  elevat ion-over* azimuth  telesco|'c,  which  is  useil 
to  lx)th  tnmsmit  luul  receive  the  10. o iim  r.idijition,  is  IkxiscvI  in  ji  dome 
alH)ut  10m  from  the  ground.  This  telescojx'  produces  ;i  diffraction-limitml 
beam  with  a Ivalf-power  jinguljir  sprojkl  of  about  10  urad  at  10.0  un.  A sei*vo 
controlletl  voniior  mirror  (scjinner)  for  fine  jKiinting  jinJ  corrections  to 
the  main  mount  is  located  on  the  elevjition  jtvis. 

The  optical  |uith  from  the  scanner  to  the  main  Ijibovjitoiy  arcji  is 
enclosed  in  tubing  in  which  a high-velocity  (~10  m/sec)  filtercvl  air  flow 
is  maintaincvl  in  order  to  produce  a clejin,  unifora,  optical  mediiun.  Also 
included  in  this  path  is  an  aermbauimic  mixing  section  ne.ar  the  aiin 
laliorjitory  emi  of  the  path  idiich  iwluces  optical  distortions  due  to 
tempcrjiture  dit.erencos  in  the  jiir  path  between  the  main  lalioratory  and 
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FIRnPOND  IR  RADAR  aiARACTHRISTICS 


Parameter 

Ojierating  Wavelength 

Waveform 

Transmitted 
Peak  Povscr 

l\ilse  Repetition 
Frequency 

Duty  C>'cle 

Minimun  Octectahle 
Powr 

3 dB  Bcamuiilth 
T)i>ical  Operating  Range 
T>i)ical  Doppler  Shift 
Target 


Sfwrt  Range  Mode 
10.6  urn 
10  usee 
10-100  uW 

47 50/ second 

.05 

- 10 

MO  K/II: 

10  ur.id 
5-20  km 
0-2  Ml: 

3 cm  ret roref lector 


Long  Range  Mode 
10.6  isn 

1 , 2,  4 ms  pulse 
400  W 

250,  125,  62.5/scc 
.25 

MO’^^  W/11: 

10  urad 
1000  km 
0-1200  Ml: 

3.8  cm  retroreflector 
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Fig.  2.  IR  radar  system  layout 


the  tower.  Enclosed  in  the  tubing  are  fold  mirrors  which  direct  the 
transmit  and  receive  beams  between  the  laboratory  area  and  the  telescope. 

2.  Transmitter 

The  laboratory  area  transmit  and  receive  system  is  depicted  in  more 
detail  in  Figure  3.  The  transmit  beam  originates  in  the  10.6  pm  laser  MO 
in  the  lower  left.  In  order  to  lock  the  local  oscillator  frequency  to  the 
master  oscillator  frequency,  a small  portion  of  the  MO  beam  is  split  off  for 
use  in  a "Af  loop"^  which  maintains  a constant  fj^  - fj^Q  frequency  difference. 
The  rest  of  the  MO  bejm  is  focused  onto  the  plane  of  the  duplexer  disk. 

The  duplexer  is  a polished  mirror  containing  slots  and  holes  for  chopping 
the  MO  beam  and  producing  pulses.  Table  1 lists  the  PRF's  and  duty  cycles 
currently  available.  The  MO  beam  goes  through  a slot  (or  hole)  in  the  duplexer 
and  is  then  collimated  and  folded  into  the  OO2  laser  amplifier  which  is  a 
series  of  gas  discharge  tubes  capable  of  amplifying  a few  watts  of  MO  power 
to  a maximum  of  about  1 kW  peak  power.  A HeNe  alignment  laser  is  combined 
with  the  MO  10.6  um  beam  at  the  1 kW  amplifier  input  for  aligning  the 
amplifier  mirrors  in  the  tubes  by  visual  inspection.  The  output  of  the 
1 MV  amplifier  is  refocused  and  transmitted  through  another  slot  in  the 
duplexer,  folded  and  recollimated  to  a 6"  beam  by  an  off-axis  paraboloid 
for  transmission  to  the  telescope  tower.  There  it  is  expanded  again  8 times 
by  the  telescope  and  pointed  to  the  target. 

3.  Receiver  Optics 

Radiation  scattered  by  a target  in  the  path, of  the  transmit  beam  is 
collected  by  the  telescope  and  follows  a path  back  to  the  duplexer  identical 
to  that  of  the  transmit  beam.  Flowcvcr,  the  rotating  duplexer  has  moved  to 
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Lower  optical  system  layout. 


a reflecting  mode  between  the  time  of  transmit  and  receive  and  the  received 
beam  now  follows  a path  through  the  receiver  optics  as  indicated  by  "deceive 
Only.  The  received  beam,  which  is  focused  on  the  d'.plexer  mirror  surface, 
is  recollimated  by  a small  off-axis  paraboloid.  The  3.5  cm  diameter  beam 
is  folded  and  then  reflected  by  the  transit  time  corrector  (ITC).  The  TTC 
is  a servo-controlled  mirror  which  makes  angle  corre''.tions  to  compensate  for 
the  finite  transit  time  of  the  transmit  and  receive  beams  to  and  from  a 
moving  target  (i.e.,  the  transmit  beam  must  point  ahead  of  the  received 

beam  from  a moving  target  bv  an  amount  which  depends  on  the  transverse 
velocity  of  the  target). 

Up  to  this  point,  the  received  beam  contains  both  visible  aixl  10.6  um 
radiation.  The  visible  radiation  is  typically  solar  illumination  reflected 
by  the  target  and  can  be  used  to  produce  a TV  image  for  visible  acquisition 
and  tracking.  Since  the  visible  and  10.6  urn  radiation  are  collinear  except 
for  the  small  difference  in  atmospheric  refraction,  the  visible  image  is 
used  to  point  the  10.6  um  beam  to  the  target.  The  visible  radiation  is 
split  off  by  a Ge  beam  splitter  and  focused  onto  a low  light  level  TV 
(Ll.mO . A "K"  rotator  compensates  for  rotation  of  the  visible  image  caused 
by  the  telescope  moving  with  respect  to  the  receiver  optics.  An  alignment 
reticle  is  projected  through  the  partially  transmitting  mirror  and  also 
focused  on  the  LLLTV.  The  reticle  represents  boresite  and  the  location  where 
10.6  urn  returns  will  be  seen  by  the  detector. 

The  coherent  detection  process  is  depicted  in  Figure  4 and  is 
described  in  more  detail  in  references  1 and  2.  A signal  beam  at  frequency 
fs  and  a local  oscillator  beam  at  fj^  arc  combined  at  the  beam  splitter 
and  focused  together  onto  a detector  which  is  the  mixer.  The  octcctor 
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provinces  an  II-  si^tral  at  f^.  vvhose  power  is  pro|X)rt iorral  to  the  product 

ol  the  si.cnal  and  IX)  i>owvr.  In  our  ease,  the  received  signal  from  a moving 
target  is  at  * fp  where  is  the  master  oscillator  frequency  and 

fp  the  doppler  shift.  Ihorefore  fjj;  « f^  - fj^^  - f^^^  ♦ fp  - f^^^.  The 
components  at  the  left  side  of  figure  5,  wliere  a portion  of  the  m and  IX) 
are  mixed  in  the  "Af”  detector,  serve  to  maintain  - fj^  at  a constant 
\alue  of  10  MIz.  Thus,  fjj,  is  directly  related  to  fp  ami  the  If  sigtial  can 
thus  he  .'Uialyzed  for  infomation  about  motion  of  the  target. 

4.  Detector 

The  detector  is  a special  IlgQlTe  2x2  quad  array  especially  fabri- 
catetl  for  use  in  IR  tracking  experiments  by  the  Solid  State  Division  of 
Lincoln  I.aboratory.  A detailed  description  of  its  characteristics  is 
available  in  a report  by  1).  L.  Spears.'^  Basically,  it  is  a 280  urn  diameter 
airay  sensitive  to  10.0  um  radiation  and  capable  of  producing  hetcrod\Tie 
signals  to  1200  Ml;,  which  is  the  present  doppler  limit.  (As  a guide  1 m/sec 
radial  velocity  produces  a 200  kll;  doppler  shift.  Satellite  tangential 
velocities  are  8 km/sec  which  is  greater  thvin  tlic  6 km/sec  system  capability, 
riuis,  our  system  is  capable  of  observing  com|x>nents  of  the  satellite  motion 
in  the  direction  ^>f  the  telescqie  up  to  a magnitude  of  6 km/sec.  This  occurs 
t>n)lcrilly  above  elevation  angles  of  20®.)  Tnc  detector  operates  at  77®K.  It 
has  1 minimum  detcct.able  signal  power  jier  unit  bandwidth  of  less  than  1 x 10*^'* 
'i\’/il:  and  alxnit  30  dB  Rf  isolation  between  elements  Oi  the  quad  array,  /\n 
optiitnon  IX)  power  of  about  0.5  mb'  on  e.ach  quadrant  produces  enough  conversion 
gain  so  that  the  signal  pretlomi nates  over  front  end  preamp  noise  of  the 
receiver  electronics. 

The  signal  and  1,0  beams  arc  foaiscd  to  give  a difraction  limitcil  Airy 
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disk  approxinatcly  equal  to  the  detector  dijuneter.  IVhen  the  siynal  is 
centered  on  the  detector  (boresight),  equal  sijinal  is  generated  in  each 
quadnuit  of  the  array.  If  the  signal  is  off  boresight  due  to  a tracking 
error,  unequal  signals  are  generated  in  the  quad  elements  giving  rise  to 
monopulse  error  signals  which  can  be  used  for  tracking  purposes  as  described 
below. 

5.  Receiver  P.lectronics 

Figure  5 sho»vs  a block  diagram  depicting  the  monopulse  error  signal 
processing.  The  IF  signals  from  each  ol  the  detector  quadr.ints  arc  proccsse<! 
by  the  monopulse  receiver,  the  original  version  of  which  w:is  designed  and 
built  by  Airborne  Instrumentation  Laboratories,  to  produce  siun.  Ax  and  Ay 
signals.  Tiic  additional  error  processor  removes  biases  present  in  the  receiver 
in  addition  to  improving  the  ability  to  extract  weak  signals  from  noise.  The 
coordinate  converter  compensates  for  the  rotation  of  the  image  causet!  by  the 
rotation  of  the  telescope  image  with  respect  to  the  .<tationar>’  receiver 
optics.  The  Ax  and  Ay  error  signals  arc  thus  converted  to  ntimuth  (tu\z) 
and  elevation  (Alii)  errors  in  the  sky.  The  error  sign.aN  arc  transmitted 
to  the  comixjtcr  which  then  cotimands  appropriate  servo  notion  of  the  scanner 
or  telescope  to  reduce  the  error  ir  -mo  I ringing  the  target  kick  on  kore- 
sight. 

The  receiver  is  shown  in  more  detail  in  Figure  6.  After  .-unpl  ific.it  ion 
by  the  low  noise  preamps,  the  quad  element  IF'  signals  arc  processexi  by  a 
hybrid  comparator  yielding  Ax,  Ay,  and  T.  signals.  After  further  .impl  i f icat  ion, 
these  signals  are  mlxcxi  with  the  output  of  the  computer  comm.mdod  frequency 
tracker  yielding  1560  Ml:  IF  signals.  The  frequency  tracker  uses  target 
trajectory  inform.it ion  to  gi'^e  an  aitj  it  1.560M1:  different  from  the  expccttxl 
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1 

MIXER 

MIXER 
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t 
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TRACKER 


AGC 

DETECTOR 


PHASE 

OCTfCTOR 


PHASE 
OET. VICTOR 


LIMITER 


l i^.  0.  Monopiilsc  receiver. 


sitjnal  fretiucncy  which  may  be  doppler  shifted  due  to  target  motion.  The 
1560  MIz  Ax,  Ay  and  Z signals  are  then  mixed  with  a 1500  Miz  crystal  oscil- 
lator yielding  60  Miz  signals.  These  are  filtered  and  further  amplified 
under  automatic  gain  control  (AGC).  The  error  signals  are  then  phase 
detected  using  the  sum  channel  as  a reference. 

Because  the  nominal  satellite  range  rate  and  therefore  the  doppler 
shift  information  is  not  accurate,  the  angle  error  determination  is 
accom|)lishod  in  a 1 Miz  bandwidth  system.  The  doppler  spread  of  a target 
is  much  narrower  than  1 Miz,  t>incally  less  than  .1  Miz,  consetiuently  the 
signal-to-noise  ratio  of  the  error  signals  is  much  lower  than  could  be 
obtained  by  optimum  bandwidths. 

The  receiver  output  contains  biases  and  does  not  produce  useful  error 
signals  at  low  sigi>al/noise  ratios  (S/N  « 1).  Thus,  additional  error 
processing  was  added  which  essentially  "chops"  the  output,  removes  the 
effect  of  biases  and  pcimits  operation  with  low  signal  levels.  Two 
methods  of  processing  have  been  developed,  one  for  short  range  targets  and 
one  for  long  range  targets. 

As  Figure  7 shows,  the  chopping  in  the  s:»ort  range  male  is  accomplished 
by  producing  two  successive  range  gates  of  10  nsec  duration,  20  usee  apart. 

The  first  jate,  during  a received  pulse  period  permits  sampling  of  signal 
plus  noise  and  biases.  The  second  gate,  permits  sampling  during  anotlver  gate 
when  only  biases  and  noise  are  present.  The  two  samples  are  subtracted  in 
a differential  amplifier  and  amplified  yielding  the  net  signal  with  residual 
noise.  This  method  of  additional  error  signal  processing  is  termed  "range 
gate  switching".  Note  that  no  normalization  is  perfomicd  with  tlK  sum 
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Fig.  7.  Short-range  error  proce.ssor. 
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signal,  since  the  signal  strength  in  short  pulse  mode  axperimencs  has  been 
sufficient  to  have  an  effective  AGC  which  performs  the  normalization. 

Tlie  econd  method  of  "chopping"  used  in  the  long  range  mode  where 
a satellite  may  be  tracked  is  shown  in  l-igure  o.  In  this  method,  the 
comjxiter  comnanus  the  fraiuency  tracker  to  switch  the  frequency  by  an 
amamt  lAf  from  its  noniinal  "signal"  value  f on  ever)'  other  pulse.  Thus 
the  receiver  processes  pulses  at  f,  f + Af,  f,  f - Af,  f,  etc.  in  secjucnce. 

Af, t>’pically  2.5  Mlz,  is  chosen  to  ho  greater  than  the  bandwidth  of 
the  receiver  which  is  select ivel/  i.5  Mlz  o'  iSO  kllz  around  f.  Thus,  when 
the  receiver  is  tuned  for  frcxiuency  f,  the  receiver  processes  pulses  containing 
the  signal  at  f yielding  signal  plus  noise  and  biases.  Mien  the  receiver 
is  tuned  for  frequency  f ♦ Af,  signals  at  f arc  not  processed  .ind  the 
receiver  yields  only  noise  and  biases.  These  two  different  siimples  taken 
during  successive  range  gates  arc  hold  and  subtracted  in  a differential 
amplifier,  yielding  the  net  signal  and  residual  noise.  /\n  addcxl  feature 
of  the  long  range  processor  is  nomuilization  which  is  produced  by  dividing 
the  error  signal  by  the  sum  signal  as  shoun  in  Figure  8.  This  nethoil  of 
normalization  was  added  because  the  ACiC  is  not  effective  at  l<xv  signal 
levels  which  is  the  case  in  the  long  r.-inge  mode. 

It  is  obvious  tliat  this  "frctjuency  switching"  method  has  the  dis- 
advantage of  only  using  half  the  numlicr  of  useful  received  pulses.  I very 
jxilsc  ixitcntially  has  a received  signal  in  it  but  we  only  .allow  h.ilf  of 
them  to  "get  thraigh"  the  receiver.  In  range  gate  switching,  as  in  the 
short  range  mode,  every  jxilse  is  usevl,  hit  there  an  extra  ningc  gate  of 
10  usee  only  uses  up  another  5^  of  the  jxilse  rcjictition  iiiteival  of  200  usee. 
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•ig.  8.  Long  range  error  processor. 


In  the  long  range  male  with  its  25i  duty  cycle,  it  is  not  convenient  due  to 
other  limitations  to  squeeze  in  luiother  gate  either  before  or  after  the 
received  pulse  and  thus  frequency  switching  is  used. 


0.  Tracking  Loops 

The  monoixilsc  error  signals  art  sjunplcd,  qu;mtized  and  tninsmitted 
to  the  computer  where  the  tracking  loops  arc  implemented  hy  digital  filtering. 
The  computer  is  a .Systems  liiigincering  Laboratories  Sl;l.  86  with  a memor>’ 
cycle  t'mc  of  600  use  1-iltcring  is  perfonned  with  minimal  computational 
time  delay;  however,  the  sen'o  loop  re.sponsc  is  affected  by  the  data 
transmission  delays  to  and  frau  the  comixitcr. 

There  arc  two  tracking  loops;  the  first  loop  is  closed  aroiuu’.  the 
vernier  mirror  aiKl  the  second  loop  around  the  telescope  main  mount.  A 
"cascade"  male  exists  in  the  software,  which  allows  the  v’cniicr  mirror  to 
track  the  target  in  a small  f ield-of-view  and  correct  the  telescope  maint 
ixjsition  whenever  the  vernier  mirror  is  not  in  its  nominal  zero  position. 

The  combination  of  these  two  loops  allows  largo  luigle  variations  to  be 
trackal  out  by  control  loops  of  moderate  biindwidth. 
a.  Vernier  Tracking  Loop 

Tlie  v'ernier  mirror  tracking  loop  is  a simple  first  order  loop.  I'irst 
and  secotKl  order  exponential  tr.acking  loops  are  uschI  in  the  system  which 
arc  dcscri'xxl  mathenat  ical  Iv  by  Mromi.  ^ In  this  loop,  the  error  signals  i, 
arc  filtcrcxl  bv 


\(t)  = Mt  - 'tl  ♦ K .(t) 


n 


where  x is  one  of  the  cst imatal  tracked  angles  (azimuth  or  elevation)  at 


IS 


time  t and  K is  the  servo  gain  constant  vdiich  is  adjusted  in  real  time  to 
produce  a compranise  of  best  transient  response  and  smoothness  of  track. 

The  sampling  interval  At  is  20  milliseconds  if  monopulse  error  data  is 
available.  When  no  returns  are  observev  the  old  estimate  of  the  angle  x 
is  retained. 

The  compnitation  defined  by  (1)  produces  a type  I servo  loop;  that  is, 
it  estimates  the  constant  value  of  x with  no  tracking  error;  but,  has  a 
steady  state  lag  which  is  proportional  to  the  velocity  of  the  target.  The 
steady  state  magnitude  of  the  lag  error  is  C^)At  times  the  velocity  of 
the  target. 

The  response  of  the  tracking  loop  is  controlled  primarily  by  the 
software  filtering.  Tlie  desired  vernier  mirror  position  is  computed  by 
Equation  1 and  the  conmands  are  transmitted  to  the  vernier  mirror  control 
servo.  The  mirror  servo  has  finite  response  and  the  conmand  electronics 
finite  delays.  When  the  servo  gain  K,  in  Equation  1,  is  made  as  large  as 
possible,  delays  caused  by  hardware,  software,  and  the  servo  response 
presently  limit  the  vernier  tracking  loop  bandwidth  to  about  three  Hz. 

When  the  vernier  mirror  tracking  loop  is  used,  the  telescope  azimuth/ 
elevation  mount  is  contnanded  to  follow  the  target  according  to  best  available 
predicted  target  position,  e.g.,  microwave  radar  tracking  data,  nominal 
sacellite  trajectory  information,  a fixed  test  tower  position,  etc.  The 
differences  in  the  predicted  and  the  observed  target  positions  are  usually 
small  and  would  require  modest  servo  response,  except  that  atmospheric 
turbulence  effects  can  be  a substantial  part  of  this  difference  and  require 


fast  scrv’o  response.  As  we  will  see,  severe  atmospheric  turublence  can 
prevent  monopulse  tracking  at  all  with  the  existing  system, 
b.  Telescope  Mount  Tracking  Loops 
The  three  telescope  mount  tracking  loops  arc  aided  track  mode, 
aircraft  track  mode  and  cascade  track  mode. 

The  aided  tracking  loop  is  similar  to  the  vernier  mirror  Type  I 
tracking  loop.  The  mount  is  commanded  to  follow  the  predicted  target  position 
and  the  monopulsc  tracked  differences  arc  added  to  the  predicted  target 
position  at  a sampling  rate  of  50/second. 

lii  the  aircraft  track  male  no  apriori  positional  information  is 
available,  and  the  tracker  must  handle  very  large  velocities.  A Type  1 
tracking  loop  would  have  lag  errors  much  larger  than  a beamwidth,  causing 
the  IR  monopulse  system  to  lose  track.  For  this  reason  in  the  aircraft 
tracking  mode,  a Tyjie  II  telescope  mount  tracking  loop  is  implemented  which 
would  follow  a constant  velocity  target  with  no  steady  state  errors. 

I'.'c  assume  that  the  injiut  to  the  filter  x(t)  is  a linear  function  of 
time  (t)  as  described  by  a and  b in 

x(t)  = a + bt  (2j 

and  we  wish  to  estimate  a and  b. 

/s . 

The  recursive  relations  for  the  filter  operators  S and  S arc 
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(3) 


where  the  servo  gain  k is  adjusted  for  optimim  performance. 
For  initialization  of  the  filter 


■stUco 


(5) 


and  are  set  in  the  system  by  several  means;  however,  most 
commonly,  b is  changed  by  handwheels  until  the  target  position  and  velocity 
match  those  of  the  filter. 

x(t)  to  be  used  in  Equation  3 is  derived  from  the  monopulse  errors 
and  the  telescope  line- of- sight.  These  aircraft  tracking  computations  are 
perfoimed  only  10  times  a second. 

The  cascade  aircraft  tracking  loop  is  shown  in  Figure  9.  Here  the 
monopulse  error  signals  are  tracked  with  the  vernier  mirror  tracking  loop 
and  t e main  mount  position  tracking  loop  moves  the  telescope  so  that  the 
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Fig.  9.  Aircraft  cascade  tracking  loop. 
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vernier  mirror  sees  the  target  at  its  nominal  boresight  position.  Acquisition 
in  this  configuration  is  somewhat  non-trivial.  The  mount  tracking  loop  is 
initialized  by  an  operator  by  matching  the  filter  velocity  and  position  to 
that  of  the  target.  Then,  when  the  IR  returns  are  available,  the  monopul  sc 
signals  start  tracking  the  target  with  the  veniicr  mirror  and  the  main 
mount  velocity  and  position  prediction  arc  carried  out  by  the  T>'pc  II 
tracking  loop.  Good  tracking  is  maintained  as  long  as  the  vernier  offset 
cornnand  is  within  its  ficld-of-vicw  which  is  about  ± 500  urad.  Since  the 
mount  tracking  loop  can  have  ratlxir  large  errors  (up  to  500  urad)  while 
tracking  the  target,  the  mount  tracking  loop  is  purposely  made  slow  to  assure 
that  the  telescope  motion  is  smooth  and  the  two  trackers  do  not  "fight"  each 
other.  The  10/soc  data  rate  is  quite  sufficient  for  this  purpose. 

III.  ILXP^RI^^E^^rs  and  resui.ts 

A.  lirror  Curve  Generation 

Many  tests  and  measurements  have  been  ncccssar)'  to  i)crfect  the 
monopulsc  system  for  satellite  and  aircraft  tracking.  The  hardware 
performance  has  been  assessed  by  the  smoothness  and  s>’nmctry  of  the  system 
generated  error  curves  (i.c.,  plots  of  error  signals  versus  anglc-of-arrival). 
Error  curves  were  generated  by  scanning  a test  signal  across  the  quad 
detector.  Two  methods  were  used  - one  "internal"  .'ind  one  "external."  The 
internal  test  signal  was  generated  by  reflecting  an  attenuated  transmit 
beam,  before  it  reaches  the  telescope,  hack  into  the  receiver  optics.  The 
attenuation  is  accomplished  using  Caf'2  v indows  of  various  thicknesses.  Hie 
reflected  transmit  beam  can  be  scaiu)etl  across  the  detector  by  comiiuter 


coninjuiJj;  to  the  transit  time  corrector  sltouii  in  Figure  3.  This  internal 
method  has  the  ailvvintage  that  the  system  can  be  partially  checked  without 
going  through  the  atmosphere  as  in  external  tests.  Thus,  variations  in 
signal  due  to  atmospheric  turbulence  :uh1  density  variations  are  avoided. 

Internal  tests  do  not  give  "real -ivorld"  results  but  are  useful  for 
alignment  and  preliminary  checkout. 

The  external  methoil  of  generating  error  curves  w*as  to  slowly  scjui 
the  transmit  he;im  acoss  a ret rore fleeter  (lositioned  at  the  test  tower  5.5  km 
away  hy  meat's  of  the  clescope  vernier  mirror.  This  signal  could  also  be 
attenuated  witii  Cal',  to  give  weaker  renims.  Figure  10  shows  error 
curx'es  generatcxl  hy  tlie  internal  (i  i-house)  aixl  external  (test  tower)  methods. 
Ikith  ciuTes  were  generated  using  the  short  range  error  processor.  At  the 
time,  the  gains  of  the  azimuth  ;uid  elevation  channels  had  not  been  matched, 
riie  noisier  test  tower  results  are  due  to  the  aforementioned  atmospheric  effects. 
In  fact,  tiie  test  tower  results  were  ohtainevl  under  good  "seeing"  conditions 
when  the  atmosphere  i%-as  relatively  coo|x?rative  ami  uniform.  Under  bad 
"seeing"  conditions,  when  the  atmosphere  is  turbulent , error  airv'os  can  hardly 
be  distinguished. 

Fven  if  the  atmosphere  h.id  no  effect,  one  should  not  expect  the  two 
ireiluxls  to  yield  identical  en'or  curt’cs.  In  the  internal  method,  a constant 
intensity  bc.im  scans  the  defectoi.  In  the  external  methcxl,  the  return 
be;im  intensity  fmn  the  corner  cube  varies  since  the  foaised  incident  Iktuii 
with  an  Airv  disk  diameter  of  l<i  cm  scans  a tri.'uigular  retroref kvtor  3 an  on 


a side. 


AZIMUTH  ELEVATION 


Fig.  10.  Short-range  processed  monojxilse  error  cur\’es. 


H.  Test  Tovscr  Miiont  s 

The  first  IR  monoinilse  tracking  experiments  involved  tracking  the 
test  tower  retroreflector  luid  n.M;ording  angle-of-arrival  statistics  under 
different  "seeing"  conditions.  During  these  exiK'riments,  the  main  telescope 
maint  was  held  stationary,  pointing  at  the  test  tower,  while  the  tracking 
was  accomplished  by  moving  tlie  vernier  mirror.  About  lOp  watts  of  i>eak 
IKJwer  was  transmitted  in  the  slioi  t range  moile. 

In  Pigure  11  , the  azimuth  error,  elevation  error  and  the  AC('.  voltage 
during  good  seeing  conditions  are  shown  as  a function  of  time.  In  tlni 
tracking  mode,  during  the  first  1.7  minutes,  the  vernier  mirror  was  allowed 
to  track  out  the  angle-of-arrival  fluctuations.  The  resulting  error  curv'es 
appear  smooth;  the  AGC  voltage  is  consistently  high.  In  the  fixed  pointing 
mcxle,  when  the  vernier  mirror  was  lield  stationary,  the  resulting  error 
au-\'os  arc  noiser  with  angular  fluctuations  a large  fraction  of  the  10  urad 
he;imwidth.  The  signal  junplitude  also  fades  for  long  )wriods  of  time. 

Since  the  beimi  pointing  system  is  quite  stable  and  the  tesi  towr 
is  expected  to  move  very  little;  the  different  character  of  the  signals 
of  1-igure  11  during  tracking  and  pointing  is  believcil  to  be  caused  almost 
exclusively  by  the  atmospheric  turbulence.  Indeed,  as  the  "seeing"  gets 
worse,  similar  curv'es  indicate  an  increase  in  the  fluctuations. 

To  get  an  estimate  of  the  statistical  characteristics  of  the  angle- 
of-arrival  fluctuations,  the  test  tower  retroreflector  was  tracked  ns  in 
the  first  half  of  Tigure  11.  The  angle-of-arrival  at  any  instant  was 
estimated  to  Ix’  the  vernier  mirror  ix>sition  j>lus  the  mono|xilse  error  voltage, 
figures  12  .md  H sIkiw  the  amplitude  probability  density  functions  and  power 
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Fig.  11.  Monopulse  signals  from  rctrorcflector  at  a range  of  5.5  km  during 
good  seeing  conditions. 
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azimuth  angle  of  arrival  elevation  angle  of  arrival 

l^'odl  IfAfCf* 

Fij:.  12.  Antilc-of-urrival  statistics  Jurint*  good  and  oodcratc  seeing 
conditions  -or  azimuth  and  ele\*ation.  Vnplitude  prohahility  density 
functim.  tcToro  flee  tor  target  at  a range  of  S.S  km. 
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spectral  density  functions  obtained  by  estimating,  the  atmospheric  turbulence 
in  this  manner.  The  data  were  collected  during  good  and  moderate  seeing 
as  shown;  howver,  the  comer  cube  could  not  be  tracked  when  poor  seeing 
conditions  were  encountered  since  atmospheric  turbulence  caused  Ixiam 
deviations  larger  than  a beamwidth. 

These  curves  indicate  typical  measured  results.  At  the  time,  the 
wind  velocity  and  other  atmospheric  conditions  along  the  5.5  km  path  were 
not  measured  wiiich  would  allow  precise  comparison  to  theoretically  predicted 
statistics.  The  power  spectral  density  shows  a monotonically  decreasing 
function  with  frequency.  The  frequency  dependence  is  in  general  agreement 
with  the  predicted  behavior^  of  f’^^^  below  the  characteristic  frequency  and 
above  the  characteristic  frequency.  The  diaracteristir  frequency 
is  dependent  on  the  aperture  diameter  and  the  cross  wind  as  described  by 
D.  Greenwood.^ 

Figure  14  shows  additional  results  of  the  tracking  analysis.  The  vernier 
mirror  position  plus  monopulse  error  indicates  the  total  angle-of-arrival 
while  the  monopulse  error  by  i‘solf  indicates  the  portion  which  the  vernier 
mirror  could  not  track  out.  Figure  14  shows  that,  when  tracking,  the  standard 
deviation  is  reduced  to  1 urad  (from  2 urad)  and  the  energy  in  the  power 
spectrun  below  2 IIz  is  greatly  reduced.  Similar  improvements  are  obtained 
for  azimuth  during  moderate  seeing  conditions;  one  example  is  shown  by 
Figure  15.  These  curves  show  that  the  vernier  mirror  tracking  loop  is 
capable  of  tracking  low  frequency  turbulence  components  up  to  2 Hz. 

These  results  confirm  tiiat  for  good  to  moderate  seeing  comlitions, 
the  existing  monoixilse  tracker  and  the  2 Hz  bandwidth  vernier  mirror  c;ui 
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Fi}’.  11.  Trackinj;  data  analysis  in  clcvat  ion  only  ilurini;  ^oqJ  seeing 
coixl  i t ion.^.  i\ngle-of-arrival  = resicHiaT  monopiilse  error  +%'emier 
nirror  jwsition.  Retroref lector  target  at  r;inge  =5.5  km. 
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track  out  a measurable  fraction  of  the  angle-of-arrival  fluctuations  due  to 
atmospheric  turbulence.  During  poor  seeing  conditions,  the  amplitude  of  the 
high  frequency  comi)oncnts  of  the  angle-of-arrival  is  greater  than  our  10  urad 
beamwidth,  which  causes  the  tracker  to  lose  the  target.  Since  the  path  to 
the  test  tower  is  high  above  the  valley  floor  (about  100  meters),  the  test 
tower  angle-of-arrival  fluctuations  represent  angle  noise  which  might  be 
typically  encountered  during  an  aircraft  track. 

C.  Aircraft  Tracking  ^ 

The  same  vernier  mirror  tracking  loop  and  the  telescope  tracker  in 
the  cascade  mode,  as  shown  in  Figure  16,  were  used  for  tracking  a retro- 
reflector  on  a cooperative  aircraft.  A visible  T\^  image  of  the  aircraft 
was  used  for  acquiring  the  re troref lector,  but  once  IR  returns  were  received 
only  IR  monopulse  signals  were  used  for  tracking.  Again  the  short  range 
processor  was  used. 

Aircraft  tracking  experiments  have  been  carried  out  on  five 
or  six  occasions.  Several  system  parameters  have  been  varied  to  find  most 
optimimum  conditions  for  tracking.  Typically,  the  aircraft  was  flown  at 
10-15  km  range  at  a transmitter  power  in  the  10-50  ywatt  region.  Tracking 
during  good  seeing  and  windless  days,  seems  quite  easy.  During  moderate 
seeing  or  gusty  winds,  the  combination  of  atmospheric  seeing  and  erratic 
aircraft  motion  makes  tracking  for  more  than  a few  seconds  at  a time 
impossible.  With  poor  atmospheric  conditions,  it  has  been  impossible  to 
trad  at  all. 

The  analysis  of  boresight  visible  TV  recordings  indicates  that  the 
tracks  arc  reasonably  .smooth.  IVhcn  tracking  is  possible,  visible  image 
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Fig.  16.  Aircraft  tracking  mode  of  operation  (short  range  mode). 


jitter  is  in  the  order  of  5-10  urad.  -iecauso  of  the  atmospheric  angle-of- 
arrival  fluctuations,  jitter  within  a beiunwdith  has  been  expected  to  bo  large. 
The  goal  of  the  current  ox|)eriments  luis  been  to  investigate  techniques  of 
keeping  the  10  prad  beam  on  the  target  for  long  periods  of  time  rather  than 
precise  tracking  within  the  beam. 

n.  Satellite  Tracking 

As  indicated  in  Table  1,  long  range  tracking  of  objects,  such  as 
satellites,  involves  different  operating  parameters.  Since  the  range  is 
longer,  long  pulses  can  be  used  and  higher  power  is  transmitted.  In  addition, 
the  dopplor  froquonc)*  must  bo  tracked  or  no  IR  returns  are  processed.  The 
particular  target  on  which  long  range  monopulse  tracking  has  been  accomplished 
for  the  first  time  was  a 3.8  cm  diameter  retroreflector  installed  for  Lincoln 
Laboratory  on  the  GUOS-III  geodetic  satellite.  Figure  17  depicts  the  system 
mode  used.  The  long  range  error  processor  after  the  monopulso  receiver  was 
used.  The  satellite  was  acquired  with  the  aid  of  Millstone  Hill  Radar  (MIR) 
adjacent  to  the  Firopond  facility  and  with  the  aid  of  visible  tracking  by 
the  on-mount  optics.  hTiile  IR  signals  will  be  used  in  the  Kalman  filter  in 
the  future,  pre.sently  crude  pointing  with  better  than  1 mrad  accuracy  is 
done  with  MIR  information  fed  into  a Kalman  filter.  Final  IR  tracking  is 
accomplished  via  the  vernier  mirror  servo  system.  The  Kalman  tracking  with 
MIR  provided  the  proix;r  doppler  freqeuncy  designation  so  that  IR  returns 
could  be  detected  by  the  receiver  and  the  signal  filter  bank  which  displays 
the  frequency  power  spectrum  of  the  returns.  As  described  earlier,  a 
visible  image  obtained  from  solar  illumination  of  the  satellite  is  displayed 
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Fig.  17.  Satellite  tracking  mode  of  operation  (long  range  mode). 


on  the  low  light  level  TV  (sec  Figure  3).  IR  tracking  was  attempted  when 
IR  "hits"  were  indicated  in  the  filter  bank  display.  Tracking  parameters 
such  as  servo  loop  gains  were  adjusted  until  tracking  occurred.  25  seconds 
of  continuous  "hands-off  tracking  occurred  while  the  satellite  was  at  a 
range  of  1100  to  1200  km,  a dopplcr  frequency  range  of  840  to  1000  NUz  and 
a doppler  rate  of  6 Mlz/scc.  IXiring  the  track,  strong  continuous  returns 
with  low  residual  monopul sc  errors  were  observed.  The  system  PRF  was 
62.5  Hz,  pulse  length  4 msec,  and  the  transmittetl  peak  power  was  400  W. 

Figure  18  shows  elevation  angle  tracking  statistics,  during  20 
seconds  of  completely  automatic  track.  The  vernier  mirror  statistics  now 
describe  the  difference  between  the  Kalman  filter  generated  pointing  data 
and  the  monopulse  determined  line-of-sight.  The  histogram  of  the  vernier 
mirror  angle  added  to  the  monopulsc  error,  indicates  that  the  coarse 
pointing  errors  changed  by  almost  100  prad  during  the  twenty  second  period 
which  the  vernier  had  to  track.  The  monopulse  angle  error  histogram  shows 
that  during  this  time  the  R'lS  tracking  error  was  only  1 prad. 

The  comparison  of  power  spectral  density  functions  shows  that  the 
tracker  bandwidth  is  about  1 Hz.  This  is  slightly  narrower  t'..ui  the 
bandwidth  obtained  during  Test  Tower  or  Aircraft  tracking  in  the  short 
range  mode.  Since  the  servo  gains  were  adjusted  in  real  time,  just  before 
this  section  of  track,  they  may  have  been  slightly  lower  than  optimum  for 
the  track.  However,  the  additional  delays  due  to  the  1000  km  range  and 
the  lower  sampling  rate  of  31.25/sec  which  is  caused  by  the  62.5  Hz  PRF 
and  monopulse  error  signal  data  processor  may  not  have  allowed  a higher 
loop  gain. 


37 


o O O **  ^ 
o o - o Q 
O'-  o 


A1ISN30  lVbi33dS  d3MOd 
HOdd3  310NV  3SnndONOVV 
bOddiM  b3iNb3A 


•o 


(T 


33N3bbn330  JO  A3N3n03(Jd  > 
3Alivn3d 


iH/gIPOjW) 

A1ISN30  1Vbl33dS  b3MOd  ^ J 

«Obb3  3H0NV  3SnndONOW  ^ ” 


c 

- o 

(A  ti 


33N3bbn330  JO  A3N3n03dd 
3AI1V-I3b 


38 


IV. 


SUNMARY 


10.6  uin  coherent  nwnopul.se  tracking  of  retrorcf lectors  has  boon 
acconplishcd  on  cooperative  aircraft  and  the  GEOS- III  satellite,  and  the 
angle-of-arrival  statistics  on  the  Test  Tower  ret rore fleeter  during 
reasonable  seeing  conditions  have  been  determined.  Although  the  initial 
results  arc  highly  successful,  the  reader  should  be  cautioned  that  the 
experiments  are  really  technique  demonstrations  using  existing  non-optimized 
hardware.  Improvement  in  tracking  loop  characteristics  will  be  needed, 

for  example,  to  shorten  the  response  time  so  that  tracking  can  be  accomplished 
during  poor  seeing  conditions. 
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